While contemporary neuroscience is paying increasing attention to subcellular and molecular events and other intracellular phenomena underlying the acquisition, storage, and retrieval of newly acquired motor and cognitive abilities, parallel attention should be paid to the study of the electrophysiological phenomena taking place at selected cortical and subcortical neuronal and synaptic sites during the precise moment of learning acquisition, extinction, and recall. These in vivo approaches to the study of learning and memory processes will allow the proper integration of the important information collected from in vitro and delayed molecular studies. Here, we summarize studies in behaving mammals carried out in our laboratory during the past ten years on the relationships between experimentally evoked longterm potentiation (LTP) and activity-dependent changes in synaptic strength taking place in hippocampal, prefrontal and related cortical and subcortical circuits during the acquisition of classical eyeblink conditioning or operant learning tasks. These studies suggest that different hippocampal synapses are selectively modified in strength during the acquisition of classical, but not instrumental, learning tasks. In contrast, selected prefrontal and striatum synapses are more directly modified by operant conditioning. These studies also show that besides N-methyl-D-aspartate (NMDA) receptors, many other neurotransmitter, intracellular mediating, and transcription factors participate in these two types of associative learning. Although experimentally evoked LTP seems to prevent the acquisition of classical eyeblink conditioning when induced at selected hippocampal synapses, it proved to be ineffective in preventing the acquisition of operant conditioned tasks when induced at numerous hippocampal, prefrontal, and striatal sites. The differential roles of these cortical structures during these two types of associative learning are discussed, and a diagrammatic representation of their respective functions is presented.
Introduction
It is generally assumed that learning and memory are registered and stored in the form of functional and structural changes in synaptic efficiency (Bliss & Collingridge, 1993; Hebb, 1949; Lynch, 2004; Malenka & Nicoll, 1999; Marr, 1971 ). There are many excellent studies in vitro studies on the subcellular and molecular events underlying learning-dependent changes in synaptic strength, as well as on the electrophysiological processes feasibly related to the acquisition of new motor and cognitive skills (Bliss & Collingridge, 1993; Engert & Bonhoeffer, 1999; Lynch, 2004; Malenka & Nicoll, 1999; Neves, Cooke, & Bliss, 2008; Wang & Morris, 2010) . Complementarily, in the past few years considerable experimental attention has been paid to the study of the functional events taking place at the neuronal or synaptic levels during actual learning in alert behaving animals. Although obvious experimental limitations have been an important drawback to our understanding of functional neural states supporting the acquisition of new adaptive abilities (Delgado-García & Gruart, 2002) , recent technical developments are increasingly allowing the study, at multiple cortical and subcortical synaptic sites, of learning phenomena at the very moment of their acquisition, extinction, or retrieval (Carretero-Guillén, Pacheco-Calderón, Delgado-García, & Gruart, in press; Gruart, Sánchez-Campusano, Fernández-Guizán Abbreviations: EMG, electromyographic; fEPSP, field excitatory post-synaptic potentials; HFS, high-frequency stimulation; LTP, long-term potentiation; mPFC, medial prefrontal cortex; NMDA, N-methyl-D-aspartate; PP, perforant pathway; SUB, subiculum; REU, reuniens; NAc, nucleus accumbens septi; CS, conditioned stimulus; US, unconditioned stimulus.
The hippocampal CA3-CA1 synapse is modified during the acquisition of new motor and cognitive abilities
In accordance with the above contentions, we will firstly consider here changes in synaptic strength taking place in a wellknown synapse of the intrinsic hippocampal circuit (i.e., the synapse between Schaffer collaterals and the apical dendrites of the CA1 area). In an initial study, Gruart et al. (2006) attempted to determine whether the acquisition of a particular type of associative learning modifies the synaptic strength of the hippocampal CA3-CA1 synapse during the actual learning process. For the associative learning task, we used the classical conditioning of eyelid responses, with a trace paradigm (Fig. 1A, B) , a training process involving the hippocampal circuit (Berger, Rinaldi, Weisz, & Thompson, 1983; McEchron & Disterhoft, 1997; McEchron, Tseng, & Disterhoft, 2003; Moyer, Deyo, & Disterhoft, 1990; Múnera, Gruart, Muñoz, Fernández-Mas, & Delgado-García, 2001 ; Thompson, 1988) . Wild-type mice were presented with a shortlasting (20 ms) tone as a conditioned stimulus (CS), followed, 500 ms from its start, by an electrical shock delivered to the trigeminal nerve as an unconditioned stimulus (US). Eyelid responses were determined by the electromyographic (EMG) activity of the orbicularis oculi muscle ipsilateral to US presentation. To record the synaptic events taking place at the hippocampal CA3-CA1 synapse during the acquisition process, Gruart et al. (2006) recorded in vivo field excitatory post-synaptic potentials (fEPSPs) evoked at the apical dendrites (stratum radiatum) of hippocampal CA1 pyramidal cells (contralateral to US presentation) by the electrical stimulation of the ipsilateral Schaffer collateral-commissural pathway. fEPSPs were evoked during CS-US intervals (300 ms after CS presentation) across three different learning situations: habituation, conditioning, and extinction. As illustrated in Fig. 1C , the slope of fEPSPs evoked 300 ms after CS presentations increased steadily during conditioning and decreased during extinction sessions, presenting no significant changes during the four habituation sessions. fEPSP slopes increased during conditioning and decreased during extinction proportionally to the percentage of conditioned responses evoked during these two experimental situations (Fig. 1C, D) . Thus, it was concluded from this early study that the CA3-CA1 synapse underwent a slow modulation (i.e., potentiation, or decrease) in synaptic strength (Bliss & Collingridge, 1993; Hebb, 1949; Kandel, 2001) across the different conditioning situations in parallel with the acquisition and/or extinction of conditioned eyelid responses. In a seminal study, Weisz, Clark, and Thompson (1984) had already reported a similar change in efficacy at the PP-DG synapse during nictitating membrane response conditioning in behaving rabbits.
Apart from the description made here regarding the involvement of the hippocampal intrinsic circuit in the acquisition of the particular type of associative learning represented by the classical eyeblink conditioning (Berger et al., 1983; Gruart et al., 2006; McEchron & Disterhoft, 1997; Moyer et al., 1990) , the hippocampus seems to participate in other different functions, such as spatial orientation (Moser, Kropff, & Moser, 2008) , object recognition (Clarke, Cammarota, Gruart, Izquierdo, & Delgado-García, 2010) , and other forms of memory acquisition, storage, and retrieval (Bliss & Collingridge, 1993; Neves et al., 2008; Wang & Morris, 2010) . In contrast, it has been recently shown that the hippocampus is not very much involved in the entire process of the acquisition of instrumental learning tasks (Jurado-Parras, Jurado-Parras et al., 2013) , although the CA3-CA1 is modulated in strength by the performance of specific appetitive (e.g., pressing a lever in order to obtain a piece of food) vs. consummatory (e.g., eating the collected pellet) behaviors . This involvement of the hippocampus in specific behaviors related to operant conditioning tasks is extensible to appetitive reinforcements (pressing a lever to obtain an electrical stimulation of a positive reinforcing center, such as the medial septum) vs. internal ones (in order to receive the self-stimulation) (Vega-Flores, Rubio, Jurado-Parras, Gómez-Climent, Hampe, Manto, Soriano, Pascual, Gruart, & Delgado-García, 2014) .
3. Acquisition of hippocampal-dependent classically conditioned eyelid responses is prevented by experimentally evoked LTP at the CA3-CA1 synapse
The following question was addressed in the Gruart et al. (2006) study: does experimentally evoked LTP share some synaptic mechanisms with learning-dependent changes in synaptic functioning? By that time, it had already been reported that place representation in hippocampal networks can be modified by experimentally evoked LTP (Dragoi, Harris, & Buzsáki, 2003) , and that LTP saturation of hippocampal circuits disrupts spatial learning (Barnes, Jung, McNaughton, Korol, Andreasson, & Worley, 1994) . Furthermore, hippocampal CA1 kindling has similar disrupting effects on spatial memory performance in behaving rats (Stan Leung & Shen, 2006) . In accordance, it could be confidently predicted that the experimental induction of LTP in selected synapses of the intrinsic hippocampal circuit would be capable of disturbing the physiological synaptic changes taking place at the different stages of the classical conditioning of eyelid responses. Learning curves collected during a classical eyeblink conditioning and evolution of synaptic field potentials for control mice and animals receiving two HFS sessions. (A) EMG recording electrodes were implanted in the orbicularis oculi (O.O.) muscle and stimulating electrodes were implanted on the trigeminal nerve for presentation of unconditioned stimulus (US). Superimposed records at the bottom left correspond to the blink reflex evoked at the O.O. muscle by the electrical stimulation of the trigeminal nerve. Note the two short (R1) and long (R2) latency components characterizing the blink reflex in mammals. For classical eyeblink conditioning, we used a tone (20 ms) as CS. As shown in the top right diagram, animals were also implanted with stimulating and recording electrodes aimed to activate CA3-CA1 synapses of the contralateral hippocampus. The superimposed records at the top left illustrate the extracellular synaptic field potential recorded (Rec.) atin the stratum radiatum of the CA1 area following electrical stimulation (St.) of the Schaffer collaterals. (B) A schematic representation of the conditioning paradigm, illustrating CS and US, and the moment at which a single pulse (100 ls, square, biphasic) was presented to Schaffer collaterals (St. Hipp.). An example of an EMG record from the orbicularis oculi (O.O.) muscle obtained from the 7th conditioning session is illustrated, as well as an extracellular record of hippocampal activity from the same animal, session, and trial. Note the fEPSP evoked by the single pulse presented to Schaffer collaterals. (C, D) fEPSP slopes (C, control group, black triangles; experimental group, white triangles) and percentage (D, control group, black circles; experimental group, white circles) of conditioned responses from mice receiving an HFS session (gray lane) prior to the first two conditioning sessions. fEPSPs were recorded at the CA3-CA1 synapse. As a result of the LTP evoked by the HFS session, the fEPSP slope for the experimental group was significantly larger than baseline values during the first nine days of conditioning ( ⁄ , P < 0.001). The acquisition and extinction curves presented by the experimental group were also significantly smaller than those of controls ( ⁄ , P < 0.001). (E) Representative examples of LTP evoked in control mice and in animals injected with CGP39551 (an antagonist of the NMDA receptor) before the HFS session. (F) Learning curves and evolution of the fEPSPs for controls and for a group of mice injected with CGP39551 30 min before each conditioning session. Differences in the percentage of conditioned responses between control (black circles) and CGP 39551 (white circles) groups were statistically significant from the 2nd to the 10th conditioning sessions ( ⁄ , P < 0.001). Evolution of the fEPSP slope is also indicated for control (black triangles) and CGP 39551 (white triangles) groups, expressed as the % change to mean values collected during the four habituation sessions. Differences between control and CGP 39551 groups were statistically significant from the 6th to the 10th conditioning sessions ( ⁄ , P < 0.01). Values are expressed as mean ± SD. Taken with permission and modified from Gruart et al., 2006. In their experimental approach to this interesting question, Gruart et al. (2006) were able to evoke LTP in behaving mice 30 min prior to selected conditioning sessions in order to determine its effects on classical conditioning of eyelid responses. Fig. 1E illustrates an example of LTP evoked at the CA3-CA1 synapse following an HFS session. Unless specifically stated as being different, the HFS protocol used by our group always consists of five 200 Hz, 100 ms trains of pulses at a rate of 1/s. This protocol is presented 6 times in total, at intervals of 1 min (Gruart et al., 2006) . Fig. 1 illustrates the disturbing effects of LTP induction both on the profile of evoked fEPSPs (white triangles, Fig. 1C ) and on the acquisition of the associative learning task (white circles, Fig. 1D ). LTP was equally effective in blocking the generation of conditioned eyelid responses using a trace paradigm during recall and reconditioning tasks (Gruart et al., 2006) . Accordingly, it can be proposed that the functional changes in synaptic strength taking place in the CA3-CA1 synapse during associative learning share some synaptic mechanisms with those evoked by the experimentally evoked LTP, because the generation of a saturating LTP can occlude the acquisition of new learning.
It should be noted here that there are some remarkable differences between LTP evoked by HFS in hippocampal circuits and functional synaptic changes evoked by actual learning. For example, LTP appears as a decaying phenomenon, while physiological synaptic strength increases with training -at least at the hippocampal CA3-CA1 synapse (Madroñal, Gruart, & DelgadoGarcía, 2009 ). In addition, changes in synaptic strength during actual learning are rather small when compared with those evoked by HFS (Fig. 1C) .
On the other hand, LTP evoked in the intrinsic hippocampal circuit does not necessarily prevent the acquisition of other types of associative learning such as, for example, operant conditioning tasks.
4. Some molecular events involved in the acquisition of associative learning tasks So far, we have shown here that activity-dependent synaptic changes and LTP are related phenomena, but with certain differences. In the above-mentioned study (Gruart et al., 2006) we considered including the role of NMDA receptors as an additional common element in the similarities between the physiological changes evoked in central synapses by associative learning and the LTP evoked by experimentation. Early studies had convincingly demonstrated that NMDA receptors are intimately related to LTP induction (Bliss & Collingridge, 1993; Collingridge et al., 1983a Collingridge et al., , 1983b Malenka & Nicoll, 1999) . More recently, it had been proposed that hippocampal NMDA receptors are involved in the acquisition of conditioned eyelid responses (Kishimoto, Kawahara, Mori, Mishima, & Kirino, 2001; Mokin & Keifer, 2005; Sanders & Fanselow, 2003) . In their study, Gruart et al. (2006) showed that, while LTP evoked experimentally in behaving mice can be prevented by the administration of CGP 39551 (an antagonist of the NMDA receptor; Fig. 1E ), the same drug is able to significantly decrease the acquisition of conditioned eyelid responses in conscious mice, and to block the concomitant potentiation of the CA3-CA1 synapse (Fig. 1F) . Thus, and in accordance with the available information collected from both in vitro and in vivo studies, there is substantial evidence regarding the intrinsic relationships between LTP, activity-dependent synaptic plasticity, NMDA-receptor activation, and associative learning in mammals. Although the above-reported experiments carried out in alert behaving wild-type mice were suggestive of an almost exclusive role of NMDA receptors in the acquisition and storage of newly acquired motor and cognitive abilities, previous and later studies have led to a more complex picture of molecular events taking place in cortical structures during actual learning. In recent years, our group has taken advantage of the availability of genetically manipulated mice (transgenic, knock-in, knock-out, etc.) and the related available techniques to address the putative roles of many neurotransmitters, neurotransmitter receptors, intracellular enzymes, transcription factors, etc. as putative molecular factors involved in the acquisition and storage of new memories. For example, we have shown that other neurotransmitter receptors located in the hippocampal circuits, such as adenosine A 2A (Fontinha, Delgado-García, Madroñal, Ribeiro, Sebastião, & Gruart, 2009) , dopamine Drd1a (Ortiz, Delgado-García, Espadas, Bahí, Trullas, Dreyer, Gruart, & Moratalla, 2010) , and endogenous cannabinoid CB1 (Cutando, Busquets-Garcia, Puighermanal, Gomis-González, Delgado-García, Gruart, Maldonado, & Ozaita, 2013; Madroñal, Gruart, Valverde, Espadas, Moratalla, & DelgadoGarcía, 2012) are also involved in the generation of conditioned eyelid responses. Besides the confirmed role of NMDA receptors in associative learning tasks, we have reported that the targeted disruption of the mGLUR1 gene also modifies learning capabilities of these genetically manipulated mice (Gil-Sanz, Delgado-García, Fairén, & Gruart, 2008) . Furthermore, development-related proteins such as reelin (Pujadas et al., 2010) and neurotrophin receptors such as TrkB (Gruart, Sciarreta, Valenzuela-Harrington, Delgado-García, & Minichiello, 2007) and TrkC (Sahún, DelgadoGarcía, Amador-Arjona, Giralt, Alberch, Dierssen, & Gruart, 2007) seem to play a role in the generation of memory traces. Finally, the overexpression of the transcription factor CREB (VP16-CREB mice; Gruart, Benito, Delgado-García, & Barco, 2012) , the lack of glycogen synthase in the central nervous system (GYS1 Nestin-KO mice; Duran, Saez, Gruart, Guinovart, & Delgado-García, 2013) , the inhibition of the protein kinase Mf (Madroñal, Gruart, Sacktor, & Delgado-García, 2010) , and a deficit in DNA polymerase l (Poll À/À mice; Lucas, Delgado-García, Escudero, Albo, Aza, Acín-Pérez, Torres, Moreno, Enríquez, Samper, Blanco, Fairén, Bernad, & Gruart, 2013) , can modify the proper acquisition of a classical eyeblink conditioning task in alert behaving mice (Delgado-García & Gruart, 2015) .
This brief description of studies carried out in our laboratory during recent years on learning capabilities of different types of genetically manipulated (or pharmacologically treated) mice is intended only to point out the molecular complexity underlying the acquisition, storage, and retrieval of associative learning tasks (Delgado-García & Gruart, 2015) . A more complete picture of these in vivo studies in genetically manipulated mice has recently been offered elsewhere (Gruart, Madroñal, Jurado-Parras, & DelgadoGarcía, 2013 ). In conclusion, Fig. 1E , F should be understood as an oversimplification of molecular events taking place in synaptic contacts related to the acquisition and storage of memory traces.
5.
A multisynaptic approach to the study of events taking place in the hippocampal circuit during Pavlovian learning Most of the above-mentioned studies from our laboratory were carried out on the hippocampal CA3-CA1 synapse, both for LTP evoked by HFS and for fEPSP recordings during the acquisition of associative and non-associative learning tasks. Notwithstanding, this experimental approach allowed us to pose two interesting and unresolved questions. The first is: are learning-dependent changes in strength equal for different synapses belonging to the intrinsic hippocampal circuitry and to its main inputs and outputs during the acquisition of a trace eyeblink conditioning in behaving mice? It remains unresolved whether the functions carried out by localized sites within the hippocampal circuits are specific for different types of learning tasks (McHugh, Jones, Quinn, Balthasar, Coppari, Elmquist, Lowell, Fanselow, Wilson, & Tonegawa, 2007; Nakashiba, Young, McHugh, Buhl, & Tonegawa, 2008; Ramirez et al., 2013) , or whether the acquisition of each type of learning is dependent upon the specific, timed activation of the multiple synaptic contacts present in those circuits. The second question is: are the electrophysiological properties (input/output curves, paired-pulse facilitation, LTP) of those hippocampal synapses equal for all of them, and do they show any relationship with their responses during actual learning? These two important questions have been addressed in a recent study from our laboratory (Gruart et al., in press ).
Functional responses of different hippocampal synapses during experimentally evoked LTP
In that latter study (Gruart et al., in press), we addressed the evolution in strength of nine different hippocampal synapses during the hippocampal-dependent trace eyeblink conditioning in behaving mice. For this, animals were chronically implanted with stimulating and recording electrodes at selected sites of the intrinsic hippocampal circuit and in the main hippocampal afferent or projecting sites. Firstly, and in accordance with a preliminary study ), we determined the basic functional properties of the selected synapses-namely, input/output curves, paired-pulse facilitation, and LTP evoked by HFS of presynaptic afferents (Fig. 2) .
As illustrated in Fig. 2A , input/output curves carried out for the nine synapses included in the Gruart et al. (in press ) study presented increased fEPSP slopes with increasing stimulus intensities, although some synapses belonging to the intrinsic hippocampal circuit reached lower asymptotic values than the others, indicating certain important functional differences between them. In addition, perforant pathway inputs evoked differential effects on their hippocampal targets. Specifically, input/output relationships were steeper for the PP-DG synapse than those evoked at the PP-CA3 and PP-CA1 synapses, a fact already reported in anesthetized guinea pigs (Bartesaghi, Migliore, & Gessi, 2006) .
We also observed some important functional differences between the nine selected synapses included in the Gruart et al. (in press) study. As is known, paired-pulse stimulation is a form of short-term synaptic modulation used as an indirect measurement of changes in the probability of release of neurotransmitter at the presynaptic terminal (Thomson, 2000; Zucker & Regehr, 2002) . Although most of the selected synapses exhibited a significant paired-pulse facilitation at short intervals (10-40 ms), some of them extended the facilitation to 100 ms, or even to 200 ms, of inter-pulse interval (Fig. 2B) .
Finally, LTP was evoked in all of the nine synapses by HFS of the corresponding presynaptic afferents (Fig. 2C) . When evoked in behaving mice, most LTPs presented profiles similar to those already described for the CA3-CA1 synapse in the same species (Gruart et al., 2006; Madroñal et al., 2007) . However, and as reported recently (Jurado-Parras et al., 2012) , the CA1-mPFC synapse displayed a characteristic delayed building up of the expected synaptic potentiation, a fact that has also been reported recently in behaving mice (Eleore, López-Ramos, Guerra-Narbona, & Delgado-García, 2011; López-Ramos, Guerra-Narbona, & Delgado-García, 2015) . Surprisingly, the thalamic reuniens nucleus (REU)-CA1 synapse showed an evident and significant long-term depression in response to the presentation of the HFS protocol (Fig. 2C) .
In contrast to results reported previously (Heynen, Abraham, & Bear, 1996) , it is important to point out that it was not possible to evoke a long-term depression (LTD, evoked by 600 pulses presented at 1 Hz) in behaving mice in any of the above mentioned synapses (unpublished results). Indeed, the difficulties to evoke LTD in adult behaving mammals was reviewed years ago (Bliss, Collingridge, & Laroche, 2006) .
On the whole, the electrophysiological experiment carried out by Gruart et al. (in press) suggests the presence of different functional properties of the nine synapses included in the study that could make them act in diverse, but complementary, ways during the acquisition of actual associative learning tasks.
Specific functional responses of different hippocampal synapses during associative learning tasks in alert behaving mice
As a continuation of the above study (Gruart et al., in press ), wild-type mice were also prepared for the classical conditioning of eyelid responses using a hippocampal-dependent (Bangasser & Shors, 2007; Gruart et al., 2006; Weiss, Sametsky, Sasse, Spiess, & Disterhoft, 2005) trace conditioning paradigm (Figs. 3 and 4) . For classical eyeblink conditioning, animals were presented with a tone as a CS followed 500 ms from its end by an electrical shock of the trigeminal nerve as a US. Conditioned eyelid responses were determined from the EMG activity of the ipsilateral orbicularis oculi muscle. fEPSPs were evoked following (300 ms) CS presentations across training sessions in all of the selected synapses (Figs. 3  and 4) .
Mice acquired this type of associative learning progressively, reaching 50% of conditioned eyelid responses by the 4th conditioning session and reaching top values by the 10th (Fig. 3D ). In parallel with the increase in the percentage of conditioned responses, and as already reported for the CA3-CA1 synapse (Gruart et al., 2006) , we checked the evolution of activity-dependent changes in strength for the nine synapses included in this study. As illustrated in Fig. 3C , changes in synaptic strength reached maximum (or minimum) values at different times and rates. Although most synapses exhibited a progressive, sustained increase in fEPSP slopes, others presented an early potentiation that also disappeared very soon (DG-CA3), were progressively depressed (CA1-mPFC), or were not affected at all by the training (PP-CA1). Interestingly, and as already pointed out by others (Shipton et al., 2014) , the cCA3-CA1 synapse presented an activation pattern different from that shown by the ipsilateral CA3-CA1 synapse. These results suggest a different contribution of left and right hippocampus to associative learning (present experiments) and other hippocampus-dependent memory tasks (Shipton et al., 2014) .
The appropriate statistical analysis of recorded fEPSPs indicated that some synapses (PP-DG, DG-CA3, CA3-CA1) belonging to the intrinsic hippocampal circuit (Amaral, 1993) presented maximum synaptic changes significantly different (in both strength and session presentation) from those evoked by the CA1-mPFC synapse (Fig. 4B, C) . We also observed important differences in the changes evoked at the two hippocampal output pathways included in this study. Thus, fEPSPs evoked at the subiculum (CA1-SUB synapse) were potentiated across training, whilst effects on the prefrontal cortex (CA1-mPFC synapse) were depressed in comparison with the maximum synaptic strengths in other synapses (intrinsic hippocampal circuit and CA1-SUB). A similar statistical approach (Fig. 4B, C) showed that the PP-CA1 synapse did not follow the changes in strength taking place in other intrinsic synapses of the hippocampal circuit.
In summary, not only did the classical conditioning of eyelid responses carried out in the experimental animals evoke specific Fig. 2 . Functional properties of the nine different synapses corresponding to the intrinsic hippocampal circuit and to selected afferent and efferent pathways in mice. The nine synapses selected for this study were the following: perforant pathway (PP)-dentate gyrus (DG), DG-CA3, PP-CA3, CA3-CA1, contralateral CA3 (cCA3)-CA1, thalamic reuniens nucleus (REU)-CA1, PP-CA1, CA1-subiculum (SUB), and CA1-medial prefrontal cortex (mPFC). Illustrated data were collected from implanted animals that passed three successive experimental tests: input/output curves, paired-pulse facilitation, and LTP. (A) Input/output curves evoked at the nine selected synapses. Each circle represents the mean value ± SEM computed from 50 stimulus presentations (5 per experimental animal). (B) fEPSP facilitation evoked in the nine synapses. Data shown are mean ± SEM slopes of the second fEPSP expressed as a percentage of the first for the six inter-pulse intervals. Significant fEPSP facilitation was evoked at short (10-40 ms) inter-stimulus intervals in most of the synapses, but some of them presented facilitation at large intervals ( ⁄ , P < 0.05). (C) An attempt was made to evoke LTP in the nine synapses by HFS (vertical dashed line) of the corresponding presynaptic sites. After HFS, the same single stimulus was presented at the initial rate (3/min) for another 120 min. Recording sessions were repeated on two additional days (15 min each). Note that while most synapses presented significant increases in fEPSP slopes after HFS, some of them presented a low (PP-CA1) or delayed (CA1-mPFC) potentiation, or a significant depression (REU-CA1).
⁄ , P < 0.05. Taken with permission from Gruart et al., in press. changes in strength in the nine selected synapses, but also those changes took place at precise moments across the successive training sessions. In accordance, we decided to analyze the two processes simultaneously. Thus, in the same study (Gruart et al., in press) we also analyzed the timing-strength dispersion pattern (Batschelet, 1981; Mardia & Jupp, 1999 ; Sánchez-Campusano, Gruart, & Delgado-García, 2011) observed between the mean and maximum synaptic-strength values across conditioning (Fig. 4A) . In this analytical approach, the normalized fEPSP slope determines the strength/magnitude of the vector (red or green arrow in Fig. 4A ), while the training session is determined by the timing/ orientation of the vector. According to the data illustrated in Fig. 4A , three synapses showed a dispersion pattern similar to that of eyelid activity during conditioning sessions (PP-DG, CA3-CA1, and CA1-SUB), whilst other synapses (cCA3-CA1, REU-CA1, PP-CA1) presented smaller timing-strength dispersion patterns, suggesting a lower degree of correlation with the acquisition process. Finally, three synapses (DG-CA3, PP-CA3, and CA1-mPFC) presented the smallest values of the dispersion indices, with angular displacements in opposite directions (see blue bent arrows in Fig. 4A ). As a general conclusion, the Gruart et al. (in press ) study convincingly demonstrated that the involvement of the nine selected synapses in the acquisition of a classical eyeblink conditioning task was different in time, strength, and correlation with regard to the acquired learning (Fig. 4C, D) -a result not predictable from the sequential anatomical organization of the selected synapses ( Fig. 3C ; Amaral, 1993) or from their basic electrophysiological properties (Fig. 2) . The functional and dynamic approach used by Gruart et al. (in press) in their study allows a better understanding of the plastic changes taking place in the nine selected hippocampal synapses during the actual acquisition and extinction of a classical eyeblink conditioning, and proposes the hippocampus as the neuronal structure enabling the specific, timed combinations in synaptic changes in strength characterizing this type of associative learning (Bangasser & Shors, 2007; Berger et al., 1983; Gruart et al., 2006; Madroñal et al., 2007; McEchron & Disterhoft, 1997; Moyer et al., 1990; Weiss et al., 2005) . It can be assumed that other cognitive functions carried out by hippocampal networks, such as spatial orientation, object recognition, and memory storage and recall (Clarke et al., 2010; Moser et al., 2008; Neves et al., 2008) , are carried out by spatial-temporal patterns of synaptic activities different to the ones described by Gruart et al. (in press) for classical eyeblink conditioning. In addition, the results obtained with this dynamic approach to determine the functional organization of hippocampal circuits during actual learning are incompatible with the excessive localization of hippocampal functions proposed by others (McHugh et al., 2007; Nakashiba et al., 2008) . Thus, depending on the specific, timed activation of its multiple synaptic contacts, the hippocampus can be involved in many different learning functions and forms of memory acquisition and retrieval (Bliss & Collingridge, 1993; Neves et al., 2008; Wang & Morris, 2010) . It can therefore be proposed that for each associative and/ or cognitive function carried out by the hippocampal circuit there is a corresponding functional map of different synaptic weights characterizing it.
Changes in strength of different hippocampal synapses evoked by the context and by pseudoconditioning, as well as during trace and delay Pavlovian conditioning
An important but frequently overlooked question is: what is acquired as changes in synaptic strength when we learn? The point to address is whether the context (i.e., the environmental details) in which an experimental animal is located for a training task, or a pseudoconditioning, is also capable of evoking changes in the functional activities of hippocampal synapses similar-although not equal in timing, correlation, and strength-to those evoked by associative learning tasks such as the classical conditioning of eyelid responses using both trace and delay conditioning paradigms. This specific issue has been dealt with in a recent study from our laboratory (Carretero-Guillén et al., in press) .
In order to tackle the above matters, we recorded in behaving rabbits the changes in synaptic strength of selected hippocampal synapses taking place during different classical conditioning protocols. Following the earlier demonstration with regard to the PP-DG (Weisz et al., 1984) and CA3-CA1 (Gruart et al., 2006 ) synapses, we studied whether the acquisition of a classical conditioning task modifies the synaptic weights in four additional hippocampal synapses: PP-CA3, PP-CA1, DG-CA3, and CA3-cCA1. For this, we trained rabbits for a classical conditioning of eyelid responses, with both trace and delay paradigms, presenting a tone as CS and an air puff aimed at the cornea as US. Animals were also trained for pseudoconditioning and just to the context situation (i.e., in the absence of CS and/or US presentations). We recorded fEPSPs evoked at the six mentioned hippocampal synapses during the four experimental situations. For this, animals were chronically implanted with multiple recording and stimulating electrodes in the selected intraand extra-hippocampal sites. Main results were as follows.
Just placing experimental animals in the restraining box for up to 17 sessions (context group) evoked significant changes in fEPSP slopes (Fig. 5A1 ) at selected synapses and at different times across training. The most-significant and longest-lasting changes in synaptic strength took place at three synapses (PP-DG, PP-CA3, PP-CA1) representing an input to the hippocampal intrinsic circuit (Fig. 5A2,3) . It should be pointed out that the increased activity observed in hippocampal synapses during the first training sessions decreased with time ( Fig. 5A1-3) .
The pseudoconditioning group also presented sustained changes in the three input synapses (PP-DG, PP-CA3, PP-CA1) to the hippocampal intrinsic circuit during the first 10-12 training sessions (Fig. 5B1) . Similar increases in synaptic strength, but of a shorter duration, were also observed in the CA3-CA1 and CA3-cCA1 synapses (Fig. 5B1) . As already indicated for the context group, the slopes of fEPSPs evoked at the six selected synapses during pseudoconditioning decreased progressively with training, reaching the lowest values during the last two training sessions (Fig. 5B1-3 ). During trace conditioning, animals presented very interesting changes in absolute synaptic strength (Fig. 5C ). Major changes in synaptic strength were observed not only in the PP-DG synapse, but also in some of the synapses included in the hippocampal intrinsic circuit (DG-CA3, CA3-CA1, and CA3-CA1c). Other synapses (PP-CA3 and PP-CA1) were apparently less involved in the acquisition of a trace conditioning paradigm. Some synapses (PP-DG, DG-CA3, and CA3-CA1) were still very active during the last extinction sessions (Fig. 5C1-3) .
During delay conditioning (Fig. 5D) , we observed changes in synaptic strength not exactly equal to those seen during trace conditioning. In this experimental situation, the two synapses (DG-CA3 and CA3-CA1) presenting the highest rate of change were located in the hippocampal intrinsic circuit, although the changes in the former took place later than those in the latter. Interestingly, some seminal studies from Segal's group (Segal, Disterhoft, & Olds, 1972; reported changes in the CA3-CA1 synapse not dependent upon those taking place in the DG, using a tone-food association test. Finally, smaller changes in strength were also observed in synapses corresponding to hippocampal inputs (PP-CA3) and the hippocampal commissural pathway (CA3-cCA1) (Carretero-Guillén et al., in press). According to this latter study, hippocampal synapses included in the main afferent inputs and intrinsic circuit are involved not only in selective processes related to the acquisition and extinction of different forms (trace and delay) of classical eyeblink conditioning, but also in more-general aspects of the learning situation-namely, those related to environmental settings and to the unpaired presentations of CS and US. The six different hippocampal synapses included in the study by Carretero-Guillén et al. (in press) underwent a slow algebraic modulation (i.e., increase or decrease) in synaptic strength (Bliss & Collingridge, 1993; Hebb, 1949; Konorski, 1948) across the different training situations in parallel with the acquisition and extinction of conditioned eyelid responses or the mere repetition of sessions (context and pseudoconditioning). Interestingly, changes in synaptic weights did not take place simultaneously in the six selected synaptic sites nor presented similar absolute changes in strength across the successive training sessions. Obviously, this new picture of differential plastic changes taking place in different hippocampal synapses in a given experimental situation and in a precise moment across the training situation is not possible to determine if only one synapse is observed (Gruart et al., 2006; Weisz et al., 1984; Whitlock, Heynen, Shuler, & Bear, 2006) . In addition, the results reported by CarreteroGuillén et al. (in press) suggest that a specific functional synaptic state corresponds to each learning paradigm and training session (Fig. 5) .
In summary, and as illustrated in Fig. 6 , direct projections from the entorhinal cortex to the three main neuronal elements of the hippocampal intrinsic circuit (i.e., PP-DG, PP-CA3, and, to a lesser degree, PP-CA1 synapses) seem to be mainly involved in general and/or contextual aspects of the training situation (CarreteroGuillén et al., in press; Ramirez et al., 2013; Redondo et al., 2014) , whilst those synapses integrating the intrinsic circuit (DG-CA3, CA3-CA1, and CA3-cCA1) are preferentially involved in aspects related to CS predictive value and/or CS-US associative strength (Carretero-Guillén et al., in press; Eichenbaum, 1999; Múnera et al., 2001; Rescorla, 1988) . Thus, there are important functional differences between, and specific roles of, hippocampal inputs and intrinsic circuit for context and cues involved in Fig. 7 . Learning curves and evolution of synaptic field potentials evoked in the mPFC by electrical stimulation of the reuniens nucleus (REU) for control mice and following two HFS sessions. (A) Evolution of fEPSPs evoked at the REU-mPFC synapse across the successive habituation, conditioning, and extinction sessions for controls (black triangles) and for the HFS group (white triangles). Note that no significant change in fEPSP amplitude was observed across conditioning in controls and even following the two HFS sessions. (B) Evolution of the percentage (%) of conditioned responses during the successive sessions in the control group (black circles) and in the HFS group (white circles). Although the two groups presented a significant increase in the % of conditioned responses across training, the control group presented a significantly ( ⁄ , P < 0.01) larger% of conditioned responses. (C) Evolution of fEPSPs evoked in the mPFC by paired-pulse stimulation of the reuniens nucleus before and after two HFS (shaded areas) sessions. The evolution of LTP was checked using a pair of pulses (1st, black triangles; 2nd, white triangles) with an interstimulus interval of 40 ms. (D) Changes in the ratio between fEPSPs evoked by the two pulses across LTP. Illustrated data are represented as mean ± SEM. Taken with permission and modified from Eleore et al., 2011. classical conditioning tasks (see Carretero-Guillén et al., in press for a detailed discussion of this point).
Functional responses of different prefrontal synapses during experimentally evoked LTP and during classical and instrumental associative learning tasks
Up to now we have shown here that LTP evoked at the hippocampal CA3-CA1 synapse can prevent the acquisition of a classical eyelid conditioning using a trace paradigm in behaving wild-type mice (Gruart et al., 2006; Madroñal et al., 2007) . The opposite has also been reported-namely, that synaptic modifications evoked at the CA1 area by inhibitory avoidance learning in rats prevents the proper acquisition of LTP evoked by HFS (Whitlock et al., 2006) .
At this stage of our research line, we were prompted to address some interesting related questions. For example: is LTP evoked by HFS at other synaptic sites capable of preventing the acquisition of classical and/or instrumental learning tasks? In accordance with the available information, the answer to this question is ''no''. As indicated above, and in contrast with its effects on the acquisition of a classical eyeblink conditioning task, saturating LTP evoked by HFS at the CA3-CA1 synapse does not prevent the acquisition of an instrumental learning task (e.g., pressing a lever to obtain a food pellet at a 1:1 fixed interval) in behaving mice . There is yet another possibility: that HFS of a selected brain site prevents the acquisition of a classical eyeblink conditioning without evoking any identifiable LTP. Such is the case for HFS of the thalamic REU nucleus. As reported by Eleore et al. (2011) , and illustrated in Fig. 7B , HFS of REU prevents the proper acquisition of conditioned eyelid responses without evoking any LTP at two of its major projection sites (i.e., the hippocampal CA1 area and the mPFC; Figs. 2 and 7C, D) . It is important to point out here that both the REU-CA1 (Figs. 3 and 4) and the REU-mPFC synapses were mildly activated during the acquisition of a classical eyeblink conditioning.
LTP can be evoked at the mPFC by HFS of neural sites projecting to it, but exhibits shapes and properties different from those classically illustrated for the hippocampal intrinsic circuits and for its main input (i.e., the PP). As illustrated in Fig. 8B , C, taken from the study carried out by Jurado-Parras et al. (2012) , LTP evoked at the mPFC by HFS of dorsal CA1/SUB shows a delayed building up, reaching peak values 2-3 days after the stimulation session. In addition, HFS of the ipsilateral NAc does not evoke LTP at the mPFC; likewise, HFS of the mPFC does not evoke LTP at the NAc. In fact, HFS of these two brain sites rather evokes a noticeable and significant long-term depression (Fig. 8E, F) . Finally, HFS of hippocampal, prefrontal, and accumbens sites is unable to prevent the acquisition of an instrumental task (Fig. 8G) .
Interestingly, although HFS of prefrontal and accumbens sites does not prevent the acquisition of an instrumental learning task in behaving mice, their brief electrical stimulation (a 200 Hz train presented for 200 ms) either prevents (mPFC) or greatly modifies (NAc) the ongoing behavioral sequence (i.e., going to the lever, pressing the lever, going to the feeder, taking the pellet, etc.) being performed by the stimulated animal in the Skinner box (JuradoParras et al., 2012) . Thus, the proper performance of an instrumental task requires the active contribution of both the mPFC and the NAc. In contrast, the same train stimulation presented to the dorsal hippocampus does not evoke any noticeable deficit in the performance of these sequences of appetitive and consummatory behaviors (Jurado-Parras et al., 2012 .
Finally, we have also studied the role of medial prefrontal circuits in the initial acquisition and consolidated performance of classical eyeblink conditioning in behaving rabbits (LealCampanario et al., 2013). Unitary recordings of identified rostral mPFC neurons carried out during conditioning show that they Fig. 8 . HFS applied to hippocampal CA3 and CA1 areas, and to mPFC, and nucleus accumbens septi (NAc), did not affect animals' performance in the Skinner box. An attempt was made to evoke LTP in post-synaptic sites included in this study by HFS of brain centers projecting to them. After HFS, the same single stimulus was presented at the initial rate (3/min) for another 30 min. Recording sessions were repeated on three additional days (30 min each). (A-F) Results of HFS of the following synapses: CA3-CA1 (A), CA1-mPFC(ipsi) (B), CA1-mPFC(contra) (C), mPFC-mPFC(c) (D), mPFC-NAc(i) (E), and NAc-mPFC(i) (F). Both LTP (A-D) and LTD-like state (E-F) were evoked by the presented HFS protocol. Averaged (n = 5) records collected at the indicated times (1, 2) are illustrated for fEPSPs recorded at each synapse. Calibrations in (F) are also for (A-E). (G) Days spent by the six stimulated groups included in this study to reach criterion (n = 20 lever presses and 20 food rewards during two successive 20-min sessions) as compared with a control group. The operant conditioning sessions were started 30 min after the 1st HFS session. No significant differences were observed between groups, indicating that LTP or LTD evoked at the selected sites had no effect on the acquisition process. Data are presented as mean ± SEM, ⁄ , P < 0.05. Taken with permission from JuradoParras et al., 2012. increase their firing during the first conditioning sessions, but decrease it when conditioned responses reach asymptotic values (approximately by the 5-6th conditioning sessions). Thus, no significant relationships can be established between neuronal firing rates and the percentage of conditioned responses or the EMG activity of the orbicularis oculi muscle during conditioning, indicating that the mPFC is not involved directly in the acquisition process or in the generation of the conditioned eyelid responses. Nevertheless, the electrical train stimulation (a 200 Hz train presented for 50 ms) of the rostral mPFC produces a significant inhibition of air-puff-evoked blinks and reduces the generation of conditioned responses as compared with controls (Fig. 9C, D, F-J) . In contrast, inhibition of the rostral mPFC by the local injection of lidocaine produces an increase in the amplitude of evoked reflex and conditioned eyeblinks and in the percentage of conditioned responses (Fig. 9A, B , E, G-J).
Indeed, the mPFC is in a strategic position for controlling the generation and performance of selected motor responses. As described previously (Buchanan, Thompson, Maxwell, & Powell, 1994; Fuster, 2008; Kronforst-Collins & Disterhoft, 1998) , prefrontal areas 24 and 32 project to the caudate nucleus and to the claustrum, from which prefrontal commands can reach many different sensorimotor cortical and subcortical areas. Rostral mPFC areas also project to the mediodorsal thalamic nucleus and to other midline thalamic nuclei (Benjamin, Jackson, & Golden, 1978; LealCampanario, Fairén, Delgado-García, & Gruart, 2007; Ray, Russchen, Fuller, & Price, 1992) , regulating unspecific sensory inputs related to attentive processes and to the presence of novel sensory stimuli. In addition, mPFC neurons project to different midbrain centers, including the substantia nigra pars reticulata, which are involved in movement initiation and coordination Basso, Powers, & Evinger, 1996) . The following parameters were quantified: EMG latency (G, in ms for the start of EMG activity corresponding to the conditioned eyelid response), EMG duration (H, in ms for EMG activity for the complete conditioned response), integrated EMG area (I, in mV Â s), and EMG peak amplitude (J, in mV). For lidocaine, comparison was made with data collected in control and injected animals during the 3rd conditioning session (C3). For train stimulation, comparison was made with data collected during the 6th conditioning session (C6). Significant differences are indicated: ⁄ , P < 0.05; ⁄⁄ , P < 0.01; ⁄⁄⁄ , P < 0.001. Taken with permission from Leal-Campanario et al., 2013.
Therefore, because of their firing properties and their selective connections, rostral mPFC neurons are suited to play a permissive and regulatory role in the generation of newly acquired motor responses. In addition, a role for prefrontal D1 dopamine in temporal control during associative learning has been proposed recently (Narayanan, Land, Solder, Deisseroth, & DiLeone, 2012) . As a conclusion of the above studies, the mPFC seems to be a potent inhibitor of acquired motor responses and other cognitive abilities, controlling their release until advanced stages of the acquisition process-i.e., until the need for the acquired response is fully confirmed. Thus, and as illustrated in Fig. 10 , the mPFC may exert some kind of flip-flop mechanism to control the proper performance of the selected behavior against unwanted ones, by decreasing or increasing decreasing the global firing activities of prefrontal projecting neurons (Leal-Campanario et al., 2013) . 
